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There has been an emerging focus in 
 neuroscience research on circuit-level inter-
action between multiple brain regions and 
behavior. This broad circuit-level approach 
creates a unique opportunity for conver-
gence and collaboration between studies of 
humans and animal models of cognition.
Measurement of broad-scale brain net-
works may be particularly important for 
understanding changes that occur in brain 
organization and function during develop-
ment. Recent studies in humans have gained 
much leverage from trying to understand 
circuit-level interactions among brain 
regions over the course of development. 
Such studies use connectivity analyses of 
functional magnetic resonance imaging 
both during cognitive activity and during 
rest (fcMRI), and diffusion tensor imaging 
(DTI) to measure (respectively) the func-
tional and structural connectivity between 
discrete brain regions (e.g. Rissman et al., 
2004; Snook et al., 2005; Mori and Zhang, 
2006; Fox and Raichle, 2007). Studies using 
these approaches have revealed that, over 
the course of development, functional con-
nectivity increases between distant brain 
regions (in the rostro-caudal axis) while it 
decreases between local regions of the fron-
tal, parietal, and cingulate cortex (Fair et al., 
2008). Developmental trajectories may be 
altered in diseased brains (e.g., Church et al., 
2009), and functional and structural differ-
ences in connectivity may reﬂ  ect individual 
differences in cognitive abilities (e.g., Niogi 
and McCandliss, 2006; Seeley et al., 2007; 
also see reviews this issue).
These ﬁ  ndings emphasize the impor-
tance of understanding the development of 
associative neural circuits. Going forward, 
a key challenge will be to gain an under-
standing of what these circuits do during 
development at multiple levels of analysis, 
from cellular mechanism to cognitive func-
tion. Currently, the cellular and synaptic 
basis of changes in functional connectivity 
and DTI imaging remain unclear. Are these 
changes due to myelination, novel growth, 
 elaboration or pruning of new connections? 
What happens when development is altered 
or connections are silenced?
Understanding the mechanistic basis of 
connectivity changes in humans, and how 
these changes relate to changes in behavior, 
is challenging and may beneﬁ  t greatly from 
animal models. We propose that an emerging 
focus on broad-scale neural circuits provides 
a unique opportunity for collaborative stud-
ies that bridge research in mice and humans. 
New research methods and technology tar-
geting neural circuits in both human and 
mouse neuroscience labs have great poten-
tial for enhancing overlap and collaboration 
between these two scientiﬁ  c cultures.
Furthermore, many of the cognitive par-
adigms in humans draw from, or have par-
allels in, the animal conditioning literature, 
such as reward prediction, reversal learning, 
relational memory, rule extraction, and set 
shifting. This overlap in behavioral para-
digms and cognitive domains suggests the 
promise of integrating a circuit-level under-
standing of cognitive development across 
species. To facilitate such collaborations, 
there is a need for researchers to commu-
nicate across technical and cultural bounda-
ries. Communication and education in the 
research possibilities available to each sub-
ﬁ  eld will also facilitate the opportunity for 
researchers on both sides to make explicit 
predictions that can be tested in the most 
appropriate species, advancing research 
progress on common questions.
WHAT MOUSE MODELS CAN OFFER 
DEVELOPMENTAL COGNITIVE 
NEUROSCIENCE
Multimodal association areas are thought to 
support cognitive development and learn-
ing across mammalian species. Many of the 
same key cognitive regions of the brain (e.g. 
parietal and frontal cortex, basal ganglia, 
amygdala, and the hippocampus) can be 
found in both humans and mice and these 
broadly deﬁ  ned regions are connected in 
comparable circuits. For example, mice have 
cortical-basal ganglia loops and have pari-
etal-frontal cortex and amygdala-  frontal 
cortex connections. Elaboration and spe-
cialization of associative regions has likely 
occurred with evolution and growth in 
brain size, but the common genetic and 
anatomical architecture of the mammalian 
brain suggests similar rules may govern the 
development of basic associative brain cir-
cuits in mice and men alike.
Mice are particularly advantageous for 
study because of their relatively short devel-
opment (puberty begins about 30 days of 
age, with adulthood at about 60 days), and 
their long history as a genetically tractable 
species, where increasingly speciﬁ  c identi-
ﬁ  ed populations of neurons can be geneti-
cally altered. Studies of the connectivity 
between association areas can be performed 
in mice with greater resolution to answer 
questions about the mechanisms regulating 
developmental circuit changes.
Thus, common circuit architecture in 
mice and humans offers the opportunity to 
perform controlled environmental, genetic, 
and behavioral experiments during devel-
opment and adulthood. Such studies have 
enormous value, despite the obvious gaps in 
cognitive abilities between the species.
TECHNOLOGIES FOR STUDYING 
CIRCUITS IN MICE WITH HIGH 
RESOLUTION
New technologies have recently enhanced 
the study of neural circuits in mice, with 
important implications for understanding 
brain circuits underlying human cognitive 
development:
IMAGING PLASTICITY AND ACTIVITY WITH 
CELLULAR AND SYNAPTIC RESOLUTION: 2PLSM
Two photon laser scanning microscopy 
(2PLSM) through a thin skull or cranial 
window allows time- lapse imaging of 
dendrites, spines and axonal and boutons 
in developing and adult mice (Holtmaat 
et al.,  2009). Chronic preparations allow 
longitudinal study of developmental or Wilbrecht and Shohamy  Neural circuits bridge neuroscience sub-ﬁ  elds
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  experience-dependent process or the time 
scales of hours to several months. Imaging 
studies to date have revealed spine and 
bouton loss and gain, and reorganization 
of axonal arbors in the living brain. Similar 
imaging techniques can also be used to mon-
itor cellular activity using calcium sensitive 
indicators (Stosiek et  al., 2003; Dombeck 
et al., 2007). These techniques can become 
particularly powerful as identiﬁ  ed cell types 
or cells with known afferents or efferents 
can be identiﬁ   ed via ﬂ  uorescent  genetic 
labeling strategies.
MAPPING LONG-RANGE CONNECTIONS 
BETWEEN SPECIFIC NEURON TYPES: CRACM
Light can also be used to isolate and meas-
ure the function of long-range connec-
tions between identiﬁ  ed neurons. Channel 
Rhodopsin Assisted Circuit Mapping 
(CRACM) (Petreanu et al., 2007) uses ion 
channels “borrowed” from light sensitive 
bacteria to stimulate activity in channel 
expressing neurons (Boyden et al., 2005). 
Genetic and viral tricks allow light sensitive 
ion channels to be delivered to the mem-
branes of speciﬁ  c cells or regions of interest, 
loading even long-range axons that traverse 
large portions of the brain (Petreanu et al., 
2007). Expression of the channel in cells of 
interest enables isolated stimulation of cells 
or even severed axon terminals of interest 
(without stimulation of neighboring cells) 
by easily delivered remote ﬂ  ashes of blue 
light. Ex vivo slice patch clamp recording of 
cells in a speciﬁ  c location, or cells labeled 
with genetic tools, enables measurement of 
long-range afferent synapses made between 
speciﬁ  c cell types.
MAPPING LOCAL CIRCUIT CONNECTIVITY 
BETWEEN SPECIFIC NEURON TYPES: LSPS
Local circuit connectivity can also be meas-
ured using light. Laser scanning photo-
stimulation (LSPS) uses light to uncage 
neurotransmitters in a deﬁ  ned region (Katz 
and Dalva, 1994). Light based uncaging pro-
duces focused concentration of transmitter, 
which can be used to cause action potentials 
at soma near the uncaging beam focus. With 
patch clamp recording of a single neuron 
and controlled scanning of an uncaging 
beam to distributed points across a brain 
slice it is possible to map local connections 
between a patched cell and its neighbors.
2PLSM, CRACM, and LSPS techniques 
have ﬁ  rst been applied to sensory cortices in 
mice and are now beginning to be applied to 
motor areas (Zuo et al., 2005; Yu et al., 2008; 
Xu et al., 2009). An important next step is to 
apply these technologies to multimodal asso-
ciation areas and the development of circuits 
that connect them. Studies of association 
area connectivity in mice should be of great 
interest to developmental cognitive neuro-
science. For example, changes in the “default 
state network” that occur with development 
or disease could be modeled by looking at 
changes in parallel areas in mice.
Some questions that can be answered 
with mouse experiments:
•  Which synapses are generally pruned 
with development? Which are gained?
•  How are the connections between brain 
regions (long range and short range) 
altered by the maturation of inhibition 
and the connectivity of local cortical 
circuits?
•  Which cell types within these regions 
demonstrate the most radical develop-
mental changes? What modulates these 
changes? Which genes are unique to 
these cell types?
•  How do genetic differences and/or 
experience alter developmental circuit 
changes in a controlled environment?
•  How do cellular level changes in circuits 
correlate with changes in behavior?
HOW CAN CONVERGING STUDIES OF 
CIRCUIT DEVELOPMENT ALSO 
ADVANCE OUR UNDERSTANDING OF 
COGNITIVE DEVELOPMENT?
To maximize the knowledge gained from 
comparative study of mice and humans it 
is important to take into account species dif-
ferences in evolution and behavior and select 
the most auspicious cognitive comparisons. 
Many would agree that emotional and moti-
vational behaviors supported by limbic, basal 
ganglia, and midbrain structures are readily 
comparable between species. Cortex-based 
cognition in mice and humans may differ 
both qualitatively and quantitatively, yet the 
sophistication of mouse cognition should 
not be underestimated. Mice are capable of 
rapid associative learning and reversal of 
learned associations (within a single training 
session) on tasks designed to approximate 
tests for humans with frontal lobe damage 
(Bissonette et al., 2008). The role of learn-
ing, memory and reward in decision making 
has also been found to be highly nuanced 
in studies of rodents and may be supported 
by distinct subcircuits that are parallel to 
those found in humans (E.g. Dusek and 
Eichenbaum, 1997; Shohamy and Wagner, 
2008; see Eichenbaum and Cohen, 2001; 
Yin and Knowlton, 2006; Schoenbaum et al., 
2009 for reviews).
When making cross species comparisons 
it should be noted mice tend to learn cognitive 
tasks using olfactory cues more efﬁ  ciently, 
but they can also discriminate tactile, aural, 
and visual cues. The complexity of human 
social systems and the lack of pheromone-
related circuits in humans may make com-
parison of social cognition between species 
more difﬁ  cult. Although behavior may not 
align perfectly in mice and men, with careful 
selection of cognitive measures with regard 
to ethological caveats we can enhance our 
understanding of the basic function of relays 
between associative regions.
Studies of mouse association circuits can 
also provide a bridge between genetics and 
behavior. Studies that attempt to link human 
genetic variation to disease have not been as 
clear as once hoped (Goldstein, 2009), and 
this is especially true for psychiatric disease. 
A search for common biological pathways 
and cellular and circuit endophenotypes 
that link rare genetic variants may be more 
successful (Hirschhorn, 2009). The effect of 
human genetic variants on neural circuit 
development and plasticity may be read-
ily tested in mice at both the circuit and 
behavioral level. Furthermore, imaging in 
awake mice and repeat longitudinal imag-
ing allows for greater possibility and power 
in assessing correlations between develop-
mental cognitive changes, cellular level cir-
cuit measures, and genetic differences.
Studies of whole brains or multiple brain 
regions and correlations between them can 
be performed most efﬁ  ciently in human 
studies. These studies, along with genetic 
data, can then be used to pinpoint circuits 
and cells for further study with higher reso-
lution in mice.
Studies of the brain are revealing that 
specialized knowledge is most powerful 
when shared across networks. Ideally, neu-
roscientists studying humans and mice can 
similarly work and move forward together.
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